Skyrmions have become one of the most visited topics during the last decade in condensed matter physics. In this work, and by means of analytical calculations and micromagnetic simulations, we explore the effect of the magnetostatic field generated by a magnetic tip on the stability of skyrmions. Our results show that the interaction energy between the tip and the skyrmion plays a fundamental role in the stabilization of Néel skyrmions confined in nanodisks, allowing its nucleation and annihilation, and also providing a precise control of its size and polarity. Based on our results, we propose a very simple and cyclic method to nucleate and annihilate skyrmions, as well as to control their polarity and chirality. This proposal could open new possibilities for logic devices taking advantage of all the degrees of freedom that skyrmionic textures have.
Skyrmions have become one of the most visited topics during the last decade in condensed matter physics. In this work, and by means of analytical calculations and micromagnetic simulations, we explore the effect of the magnetostatic field generated by a magnetic tip on the stability of skyrmions. Our results show that the interaction energy between the tip and the skyrmion plays a fundamental role in the stabilization of Néel skyrmions confined in nanodisks, allowing its nucleation and annihilation, and also providing a precise control of its size and polarity. Based on our results, we propose a very simple and cyclic method to nucleate and annihilate skyrmions, as well as to control their polarity and chirality. This proposal could open new possibilities for logic devices taking advantage of all the degrees of freedom that skyrmionic textures have.
Magnetic skyrmions are non-uniform spin configurations topologically protected. This important feature has made them proposed for the implementation of soliton-like based race-track memories [1] [2] [3] . The low current density required to move skyrmions 1, 3, 4, 6, 7 , the low dissipation when their dynamic is activated, and their ability to overcome defects or pinning sites in a sample are very convenient for such technological developments 1, 4, 5, 8, 9 . There are two types of experimentally observed skyrmions 10, 11 , namely, Bloch (vortexlike) and Néel (hedgehog-like) skyrmion. Both share the general structure of a skyrmion but they differ not only in their shape, but also on how they are usually stabilized: while Bloch skyrmions appear when the chiral DzyaloshinskiiMoriya interaction (DMI) or the long-range dipolar interaction is present 17, 20 , Néel skyrmions need the existence of an interfacial DMI to be stabilized. Skyrmions also exhibit two important geometric features: their chirality (C), which defines the direction in which the spins are oriented from the center towards the edge of the magnetic texture, and their polarity (P), which defines the magnetization direction in the core of the magnetic texture. In principle, the polarity of skyrmions can be controlled through external magnetic fields 20 , while the chirality depends on the DMI sign, but which in turn is associated with the skyrmion polarity due to the minimization process of the DMI energy. Thus, a positive chirality C = 1 (outward) corresponds to a positive polarity P = 1 (up), while a negative chirality C = −1 (inward) is determined by a negative polarity P = −1 (down).
Isolated magnetic skyrmions hosted in cylindrical nanostructures have recently gained a lot of attention due to the benefits that this geometry offers to stabilize these magnetic textures [12] [13] [14] [15] [16] 18, 20, 22 . In the search for spintronics applications, this geometry seems to be a natural candidate to host a) Electronic mail: nvidalsilva@ing.uchile.cl skyrmions mainly because edge effects, which yield the possibility of stabilizing both types of skyrmions 18, 20 .
For skyrmions-based future spintronic applications in magnetic nanodots it is fundamental to achieve a perfect control of all degrees of freedom, polarity and chirality. In this sense, a perfect control of the process of writing (nucleation) and deleting (annihilation) of isolated skyrmions could be an ideal scenario for such control. Different methods have been proposed to achieve this goal 4, 6, [24] [25] [26] [27] [28] . For instance, recently Zhang et al. 31 showed that it is possible to create skyrmion lattices by means of Magnetic Force Microscopy (MFM) using the stray field that the MFM tip generates. On the other hand, the stabilization of isolated and confined skyrmions has been achieved by means of geometrical confinement 13, 15, 16, 18 or by applying external magnetic fields 20, 22 .
Recently, Garanin et al. 32 studied the nucleation of skyrmions in thin films by means of a dipolar field generated by a nanosized magnetic dipole. In this paper we go further and propose a skyrmion-based data storage device which incorporates not only the nucleation of isolated skyrmions, but also their annihilation and the control of their size, polarity and chirality through the magnetostatic field generated by a ferromagnetic cylindrical tip. Our proposal is based on the fact that an inhomogeneous magnetostatic field in the vicinity of a skyrmion hosted in a nanodot produces radical consequences on its size and can even induce magnetic phase transitions depending on the distance between the skyrmion and the magnetic tip.
Our model considers two cylindrical nanoparticles with saturation M s i , arbitrary thickness L i and radii R i , where i = 1, 2 label the dots, separated by a distance s = √ d 2 + h 2 , being d the horizontal distance measured from their centers and h the vertical separation measured from base to base. We use the micromagnetism theory 19 , in which the discrete nature of the magnetic moments is replaced by a continuous field called the magnetization M(r) and a low temperature regime is assumed. In this framework, and using cylindri-cal coordinates for the normalized magnetization m i (r i ) = m r,i (r i )r + m z,i (r i )ẑ for each dot, we obtain a general expression for the magnetostatic interaction energy between two dots separated by an arbitrary distance, This expression is presented in Appendix A. However, for the purpose of this work, we will assume that the horizontal distance d = 0. From now on, the upper dot labelled "2" will be denoted as the magnetic tip, and is assumed uniformly magnetized along its symmetry axis, that is the ±ẑ-direction. We will also impose that the dot located below the magnetic tip, hereafter denoted the magnetic dot, can has the general azimuthal magnetization described above.
Under these assumptions, the magnetostatic interaction energy between the tip and the dot given by Eq. A1 takes the form
where the function β (k) reads
Here µ 0 is the vacuum susceptibility and the g-functions are defined as
the Bessel function of first kind and order µ. Note that the above equations are valid only for h ≥ L 1 .
For the magnetic dot we used magnetic parameters taken from the IrCoPt multilayers 23 , i.e., a saturation magnetization M s = 956 kA/m, an anisotropy constant K u = 0.717 MJ/m 3 , a stiffness constant A ex = 10 pJ/m and a DMI parameter D = 1.6 mJ/m 2 (for simplicity of notation, the sub-index 1 will be sometimes omitted to refer the physical magnitudes of the magnetic dot). Additionally, we considered R 1 = 100 nm and L 1 = 1 nm, that allows us to obtain a stable Néel skyrmion configuration 22 . For the tip, and to produce an intense magnetostatic field, we choose a cobalt dot with a saturation magnetization M s 2 = 1400 kA/m, the same radius as the first dot, and a thickness L 2 = 200 nm. Hereafter, we will keep these geometrical and magnetic parameters fixed throughout the text. We will only vary the value of R 2 to obtain results shown in the Appendix B.
The energy of the system composed by the magnetic tip and dot can be written as E = E tip + E dot + E int , where E tip and E dot are the self-energies of the magnetic configuration of the tip and the dot, respectively. For the description of the skyrmion in the dot we use the trial function 29 
and R s the skyrmion radius, a minimizable parameter. The above trial function has been successfully used to describe such textures in previous works 22, 30 showing good agreement with micromagnetic simulations. An important point is that by varying the skyrmion radius R s , including values greater than R 1 , it is possible to obtain the total energy for both the skyrmion and the homogeneous state considering the interaction with the magnetic tip. Indeed, for values of R s smaller than R 1 we have a skyrmion configuration, while the energy of a quasi uniform magnetic state with magnetization pointing along the ±z-direction can be obtained for R s ≥ R 1 .
Since we are interested in the effect of the magnetic tip on the magnetic configuration of the dot, the self-energy of the magnetic tip, whose magnetization is fixed during the process described below, only adds a constant value, so we can redefine the energy as E = E dot + E int . As already mentioned, to calculate E dot we use the skyrmion ansatz considering the exchange, dipolar, anisotropy and DzyaloshinskiiMoriya contributions to the energy, which have already been calculated in Refs. 18, 22 , and E int is given by Eq. (1) . Through the calculations we will distinguish the orientation of the core (P = ±1) of the Néel skyrmion, its chirality (C = ±1) and also the magnetic direction of the tip. To check our results we have also performed micromagnetic simulations with the OOMMF software 33 , for which we have considered cubic cells of 1 × 1 × 1 nm 3 and the system has been prepared with two different magnetic configurations in the dot: a homogeneous state and a skyrmion state, from which we let the system relaxes to its global (or local) minimum energy state. This procedure was repeated by changing the distance between the dot and the tip, h, in steps of 1 nm. In legend P = ±1 is referred to the skyrmion polarity and C = ±1 to its chirality. The numbers inside the circles denote specific situations that are explained in the text.
We start our calculations obtaining the energy for different magnetic configurations in the dot. Fig.1 illustrates the energy, E, as a function of the skyrmion radius R s for h = 140 nm when the magnetization of the tip points along a) −ẑ-direction and b) +ẑ-direction. In this figure the four possible combinations for the skyrmions polarity and chirality are distinguishable, C = ±1 and P = ±1. The dashed vertical line denotes the limit of the dot (R 1 = 100 nm). It is important to notice that results shown in Figs. 1a) and 1b) are equivalent but with opposite chiralities and polarities. For example, in Fig.1a ) the (blue on-line) dotted line shows the energy of a Neél skyrmion hosted in the dot with a positive polarity and chirality, while in Fig.1b) hibits the same behavior but considers negative polarity and chirality. Also in this figure we can notice that the interaction between the magnetic dot and the tip has a strong influence on the magnetic configurations that are allowed in the dot. For example, from the (pink on-line) hollow diamonds curve representing an isolated skyrmion, it is evidenced that when the dot interacts with the magnetic tip, for h = 140 nm, its energy changes according to the skyrmion chirality and polarity. Furthermore, since the lowest energy is depicted by the (green online) solid diamonds curve (point 3 ) or (blue on-line) dotted curve (point 6 , the quasi-homogeneous state is the most favorable energetically, having essentially the same energy than the full aligned state in which the tip and dot magnetizations are parallel (nevertheless, see discussion below) . Also Fig. 1 shows that a skyrmion with a radius greater than the dot radius can be interpreted as a quasi-homogeneous state, which allow us to study simultaneously both configurations.
In Fig.2a) we illustrate the skyrmion energy with P = 1 and C = 1 , which changes when varying the height h. As mentioned before, this configuration represents a quasihomogeneous state pointing towards +ẑ in the regime R s ≥ R 1 . As expected, for small values of h, the interaction energy becomes more relevant, substantially modifying the energy respect to the the isolated or non-interacting case (h → ∞). In fact, the skyrmion radius that minimizes the energy (point 2 ) changes when h varies (see also Fig. 2b) ).
To better understand the behavior of this system, we perform micromagnetic simulations, whose results are presented in Appendix C, and find that the stability of the system depends not only on the vertical separation h, but also on the initial magnetic state of the system. That is, if initially the dot is in a quasi uniform magnetic state pointing along +ẑ and then we approach to it (from very far away) a magnetic tip uniformly magnetized along −ẑ then, depending on the vertical separation h, the dot could remain in the quasi uniform magnetization state (point 1 in Fig.1a) ), change its magnetization to a skyrmionic texture with the core pointing along the opposite direction of the magnetization of the tip (point 2 in Fig.1a) ), or reverses most of its magnetic moments until its magnetization is aligned with the magnetic moments of the tip (point 3 in Fig.1a) ). Simulations also show that for h > h sim c 1 ≈ 122 nm, the dot remains with its magnetization opposite to the tip, while for h sim
≈ 73 nm, an isolated skyrmion with a small radius is nucleated with P = 1 and C = 1. Finally for h < h sim c 2 the magnetization of the dot is aligned with the tip magnetization. This behavior can be understood from the analytical results displayed in Fig.2b ) which shows a zoom of the skyrmion energy presented in Fig.  2a) . In fact, in the absence of an external excitation to the system, besides the magnetic tip, the dot remains with a magnetization opposite to the tip unless the energy barrier from point 1 to point 2 vanishes, which occurs close to h = h an c 1 = 110 nm, evidencing the good agreement between analytical and numerical results. For completeness, in Fig.2c ) we show with a blue dotted line the behavior of this energy barrier as a function of the vertical separation. It is important to notice that once the skyrmion is stabilized, the energy cost to bring the dot back to the homogeneous state is considerably high, as shown by the line with red triangles in Fig. 2c ), manifesting the high stability of skyrmions.
Calculations also predict that the dot will evolve to a skyrmionic configuration when the energy barrier vanishes, even for values of h smaller than h sim c 2 = 73 nm (see red dasheddotted and black dashed curves in Fig. 2a) ), while micromagnetic simulations show a magnetization reversal, as shown in Fig. 6 in the Appendix C. To clarify this seemingly contradictory point, we display the size of the core of the skyrmion in Fig.2d) the skyrmion radius is very small, namely R s ≤ 3.6 nm, if we compare it with the micromagnetic simulations, as we mentioned previously, we find that at these heights the dot does not stabilize a skyrmion. In fact, it reverts its magnetization from a quasi uniform state in +ẑ to one in −ẑ through the annihilation of a skyrmion by contraction of its core, a behavior similar to that suggested by our analytical calculations, as evidenced in Fig. 2d ). In this way our analytical model predicts the behavior of the system for most of the values of h in the studied range, and exhibits some differences with simulations only for small h values, that is, in the very interacting regime, where micromagnetic simulations predict the magnetization reversal of the dot. We attribute this difference to the mechanism by which the magnetization reversal occurs, that is, possibly through the formation of a Bloch point as previously reported in Refs. [34] [35] [36] [37] [38] . A Bloch point is beyond the present formalism and, therefore, has not been considered here. However, the calculations show a clear tendency to a considerable decrease of the skyrmion radius when h decreases, approaching a magnetization reversal. The previous analysis is valid if we start with an isolated dot with a quasi uniform magnetization and we bring a magnetic tip with an antiparallel magnetization respect to the dot. The equivalent behavior illustrated in Figs.1a) and 1b) show that both the polarity and the chirality of the skyrmion nucleated in the dot can be handled by varying the direction of the magnetization of the tip and the dot. If the dot is magnetized along the +ẑ (−ẑ) direction, approaching a tip with magnetization along the opposite direction will nucleate a skyrmion with P = 1,C = 1 (P = −1,C = −1). Now, if the dot has an isolated skyrmion as starting point, while approaching to it a magnetic tip magnetized along the opposite direction to the skyrmion core magnetization, the skyrmion will reduce its core size until all the magnetic moments (or most of them) are pointing in the same direction as the magnetic tip. Indeed, micromagnetic simulations show that the skyrmion radius decreases as the tip approaches the dot and the skyrmion remains stable until a critical value h sim c 2 = 72 nm is reached. For values of h smaller this critical value, the dot will exhibit an almost saturated magnetization parallel to the magnetization of the tip, reversing in the same way as explained above. The values of the skyrmion radius predicted by the simulations are illustrated in Fig.2d ) by red points. It is important to mention that the simulations and analytical results are in very good agreement for the whole range h > h sim c 2 . It is also interesting to note that if we choose a magnetic tip with a magnetization parallel to the core of the skyrmion then, as we approach the tip, the core size will increases, promoting the annihilation of the skyrmion through the core expansion. However, the range of values of h for which the skyrmion is stable is smaller than the same situation when a magnetic tip is magnetized antiparallel to the skyrmion core direction.
The above results suggest a method, summarized in Fig.3 , to nucleate/annihilate a skyrmion controlling its polarity and chirality. For example, by starting at 1 (the same 1 shown in Fig.1 ) and approaching the magnetic tip to the dot, a skyrmion with positive polarity and chirality will ne nucleated ( 2 ) . As the magnetic tip approaches the dot, the latter will align its magnetization with the magnetization of the tip ( 3 ). We can go from 3 to 4 by removing the magnetic tip, inverting its magnetization, and then approaching again the tip to the dot. Then we can nucleate a skyrmion, but with negative polarity and chirality, as illustrated in 5 . If we continue approaching the magnetic tip to the dot, its magnetization will be parallel to the magnetization of the tip ( 6 ) . Removing the tip again, changing its magnetization direction, and approaching again the dot, the cycle will be complete. This simple procedure can control all characteristics of a magnetic texture in the dot and could be the basis of a novel skyrmion-based data storage system. In fact, Fig.4 illustrates how could operate such a device. If the magnetic tip is free to move vertically and horizontally, it can control the magnetization state of any dot in an array. The main feature of our proposal is that there are four stable states on each nanodot, which suppose four bits per each one in terms of data storage. Thus, for a N × N noninteracting nanodots array, the system could storage 4 N bits of highly stable information.
In conclusion, by means of analytical calculations and micromagnetic simulations we studied the effect that a cylindrical magnetic tip on a magnetic dot. The inclusion of DMI in the dot allows to create skyrmionic textures in it. The magnetostatic field created by the tip can be used to control the polarity, chirality and size of the core of the skyrmion, or creating an almost homogeneous magnetic state, which is a particular case of a skyrmion with a core radius larger that the radius of the dot. The different states can be achieved by varying the distance between the tip and the dot. Our analytical results show a good agreement with micromagnetic simulations. In this way, and from energy calculations, we can explain the dynamic associated to changes in the magnetostatic interaction. Our results allow us to propose a simple computer-based data storage device whose operating principle would be the control of the distance between the tip and the nanodot, and the magnetization of the tip.
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